Serum amyloid A (SAA), an acute phase reactant (APR) protein, is induced in liver during systemic inflammation. Serum amyloid A3 (SAA3), an isoform of SAA, is induced in both liver and extra hepatic sites in response to proinflammatory stimuli such as cytokines. Previously, we showed a modest increase in plasma cytokine levels in a preterm lamb model of lung injury. The study objective was to determine the relative contributions of lung and liver to the acute phase response during postnatal lung injury. Preterm (130d) and near term (141d) newborn lambs (term ϭ 150d) were randomized to either no ventilation (controls), ventilation ϩ intratracheal (IT) endotoxin (endo) or ventilation ϩ IT saline. A group of near term lambs were exposed to ventilation ϩ IV endotoxin. In the lungs, ventilation alone increased SAA3 mRNA 3-and 13-fold while ventilation ϩ IT endotoxin increased SAA3 mRNA 64 and 366-fold above controls in preterm and near term lambs, respectively. In the liver, SAA3 mRNA was induced by ventilation alone (three-fold) and ventilation ϩ IT endotoxin (45-fold) above controls in both preterm and near term animals. Ventilation ϩ IV endotoxin caused the highest increase in SAA3 mRNA (212- The acute phase of the systemic inflammatory response is characterized by the hepatic synthesis and increased plasma concentrations of acute phase reactants (APR) such as heat shock proteins, C reactive protein (CRP), and the serum amyloids (1-3). The serum amyloid A family of proteins is one of the major APR whose plasma levels can increase up to 1000-fold in response to inflammation (4). Several isoforms of the SAA protein are conserved across species. The liver is the main source of SAA1 and SAA2 isoforms whereas SAA3 isoform expression is increased in liver as well as extra hepatic tissues (4 -7). We identified SAA3 as an endotoxin inducible gene in the fetal lung using subtraction hybridization of endotoxin versus saline exposed lung mRNA (8). No information is available regarding the biology of SAA3 in preterm newborn animals exposed to postnatal lung injury induced by mechanical ventilation, oxygen or endotoxin.
The acute phase of the systemic inflammatory response is characterized by the hepatic synthesis and increased plasma concentrations of acute phase reactants (APR) such as heat shock proteins, C reactive protein (CRP), and the serum amyloids (1-3). The serum amyloid A family of proteins is one of the major APR whose plasma levels can increase up to 1000-fold in response to inflammation (4) . Several isoforms of the SAA protein are conserved across species. The liver is the main source of SAA1 and SAA2 isoforms whereas SAA3 isoform expression is increased in liver as well as extra hepatic tissues (4 -7). We identified SAA3 as an endotoxin inducible gene in the fetal lung using subtraction hybridization of endotoxin versus saline exposed lung mRNA (8) . No information is available regarding the biology of SAA3 in preterm newborn animals exposed to postnatal lung injury induced by mechanical ventilation, oxygen or endotoxin.
Mechanical ventilation and pulmonary infections frequently cause lung injury in preterm infants. Mechanical ventilation contributes to neonatal morbidity and mortality (9, 10) by causing lung inflammation with the induction of the proinflammatory cytokine cascade (11) (12) (13) . Intratracheal endotoxin induces both lung inflammation and a systemic inflammatory response in preterm and term ventilated lambs (14) . Whether there is induction of a lung acute phase reactant response in these models is not known. Furthermore, the occurrence of a systemic acute phase reactant response on lung exposure to pro-inflammatory stimuli is not well characterized. We hypothesized that SAA3 mRNA expression would increase in the preterm newborn lung postnatally exposed to proinflammatory stimuli. We, therefore, examined the effect of mechanical ventilation with or without endotoxin exposure on SAA3 mRNA induction in preterm and near term lamb lungs and contrasted the lung responses to the liver responses. In then counterstained with hematoxylin for morphologic analysis. Controls for specificity of riboprobe binding included lung tissues from preterm and near-term lambs ventilated with no endotoxin exposure and a homologous (sense) probe.
ELISA. The concentration of SAA proteins in the plasma and lung homogenates of near term animals and the bronchoalveolar lavage of preterm animals was measured using a sandwich ELISA kit (Tridelta Diagnostics, New Jersey). The SAA isoform specificity of the ELISA assay is not known. An antibody specifically binding to SAA3 is not available.
Statistics. All values were expressed as means Ϯ SEM. Analysis of variance (ANOVA) was used for comparison of differences between groups with Student-Newman-Keuls test used for post hoc analysis. The nonparametric Mann-Whitney test was used for two group comparisons. Significance was accepted at p Ͻ 0.05.
RESULTS
Detection of SAA isoforms. Using the SAA3 riboprobe (Fig. 1A) , a single protected fragment (282 nucleotides) corresponding to the full-length SAA3 probe was detected in lung samples (Fig. 1B) . In contrast, in the liver, in addition to the 282 nucleotide protected fragment, two other fragments of approximately 250 and 200 nucleotides in length were detected. These additional protected fragments, closely related to SAA3 but different in expression pattern and size, were designated as SAA-Liver inducible (SAA-Li) in this manuscript.
SAA3 mRNA expression in preterm lambs. SAA3 mRNA increased approximately 3-fold in the lung and liver of ventilated preterm animals compared with unventilated controls (Fig. 2) . Compared with controls, SAA3 mRNA increased 64-fold in the lung and 44-fold in the liver in response to intratracheal endotoxin and ventilation. and serum amyloid A-Liver inducible (SAA-Li) isoforms using 10 g total RNA from lung and liver of 4 IV (IV) endotoxin-exposed near term animals. SAA3 was detected in both lung and liver whereas SAA-Li isoforms were detected only in the liver.
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SAA3 mRNA expression in near term lambs. In response to ventilation alone, SAA3 mRNA increased almost 13-fold in the lung while liver SAA3 mRNA increased 3-fold when compared with unventilated controls (Fig. 3) . On exposure to ventilation and intratracheal endotoxin, SAA3 mRNA increased 366-fold in the lung compared with controls while there was a 42-fold induction of SAA3 mRNA in the liver. Exposure to ventilation and IV endotoxin resulted in a 212-and 139-fold induction of SAA3 mRNA in liver and lung, respectively, compared with controls.
SAA-Li mRNA expression in liver of near term lambs. Due to similarity in the magnitude of induction of the 250 and 200 nucleotide SAA-Li fragments, the quantitation of only the 250 nucleotide fragment was reported (Fig. 4) . When compared with unventilated controls, SAA-Li mRNA increased 10-fold in the liver of ventilated near term animals. Exposure of these ventilated animals to either intratracheal or IV endotoxin did not produce significant further induction of SAA-Li mRNA in the liver.
Sites of SAA3 expression in lung after IT endotoxin. Ventilation alone induced a low level of expression of SAA3 mRNA in the saline treated near term animals in the bronchial epithelium and vascular smooth muscle (Fig. 5A,B) . Exposure to ventilation and intratracheal endotoxin resulted in prominent expression in the bronchial epithelium, bronchial glands and arterial smooth muscle cells (Fig. 5C,D) . A high level of expression was also detected in the bronchial epithelium, bronchial glands, and arterial smooth muscle cells in response to ventilation and IV endotoxin (Fig. 5E,F) . The perichondrial cells of bronchial cartilage had prominent SAA3 mRNA ex- A) Representative RNase protection assays of serum amyloid A3 (SAA3) using 10 g total RNA from lung and liver of two animals per group. B) Quantitation of induction of SAA3 mRNA in response to ventilation (vent) and ventilation ϩ endotoxin (endo) shown on a log scale (Y-axis). Control animals were not ventilated. SAA3 mRNA values were normalized to L32. The mean SAA3 mRNA signal in the control animals was given a value of 1 and the levels in the treatment groups are expressed as mRNA values relative to controls. Ventilation caused a significant increase in SAA3 mRNA in the lung relative to controls. Ventilation ϩ intratracheal endotoxin (IT endo) caused the highest increase in SAA3 mRNA expression in the lung relative to all other lung groups. Ventilation ϩ IT endotoxin significantly increased SAA3 mRNA expression in the liver relative to controls. Ventilation ϩ IV endotoxin produced the highest increase in SAA3 mRNA in the liver relative to all other liver groups. (*p Ͻ 0.05 vs. control; t p Ͻ 0.001 vs. other lung or liver groups; n ϭ 5-6 animals for control and 4-6 animals for the treatment groups; IT, intratracheal; IV, intravenous). 1206 pression (Fig. 5E,F) . This was detected in the lungs of ventilated lambs exposed to either IV or intratracheal endotoxin. The controls had no expression of SAA3 mRNA (Fig. 5G,H) . Sporadic expression of SAA3 mRNA was also detected in neutrophils but this expression was much lower than the levels detected in the bronchial epithelium, bronchial glands, perichondrial cells and arterial smooth muscle cells. The pattern of expression was similar for the preterm lambs (data not shown).
SAA protein quantitation. SAA protein was not detectable in the plasma of unventilated or ventilated near term animals using an ELISA kit of unknown SAA specificity. Intratracheal endotoxin induced plasma SAA concentration to 1474 Ϯ 165 ng/mL in the near term animals whereas IV endotoxin caused plasma SAA levels of 2928 Ϯ 589 ng/mL. The SAA protein was below detectable levels in the lung homogenates or BAL fluid obtained from near term or preterm lambs exposed to ventilation and endotoxin.
DISCUSSION
In this study designed to evaluate lung acute phase reactant response, we demonstrate that SAA3 mRNA is robustly induced postnatally in the lung of both preterm and near term lambs in response to ventilation and endotoxin administration. Regardless of the route of endotoxin administration (intratracheal (IT) or IV), SAA3 mRNA expression was induced in the bronchial epithelium, bronchial glands, perichondrium of bronchial cartilage and vascular smooth muscle of the lung. These experiments suggest that significant induction of expression of the acute phase reactant SAA3 mRNA occurs in the neonatal lung in response to pro-inflammatory stimuli.
The SAA protein family, as described in humans and mice, consists of the acute phase isoforms SAA1, SAA2 and SAA3 and the constitutively expressed SAA4 (18) . The SAA3 riboprobe used in our study protected a single full length fragment in the lung which corresponded to SAA3 mRNA. However, in the liver, in addition to this fragment, two other smaller 
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protected fragments were detected. These fragments likely represent other SAA isoforms that are inducible (liverinducible) because they were detected in the liver and not lung and were induced by ventilation and endotoxin exposure. We have designated these fragments as SAA-Li (SAA-liver inducible) mRNA in this manuscript. Definitive identification of these isoforms could not be performed because the mRNA sizes of SAA1, 2 and 3 are similar and full length mRNA sequences of ovine SAA isoforms are not available. However, our data demonstrates the differential expression of SAA isoforms in the lung and liver. The "noninjurious" ventilator strategy used in this study caused only a mild increase in liver SAA3 mRNA in the near term animals in response to mechanical ventilation alone. However, a more impressive induction of the SAA-Li isoforms was detected in these animals demonstrating a significant systemic acute phase reactant (APR) response to mechanical ventilation.
The liver is the main source of expression of SAA1 and SAA2 whereas SAA3 is produced principally in extra hepatic sites (4, 6) . Expression of SAA3 mRNA was previously demonstrated in the lungs of adult mice following lipopolysaccharide (LPS) injection (6, 7) . We found that sheep SAA3 mRNA expression was induced both in the lung and the liver whereas SAA-Li mRNA expression was induced in liver but not in the lung. As expected, a systemic pro-inflammatory stimulus (IV endotoxin) caused a more prominent SAA3 mRNA induction in liver than lung, while a pulmonary inflammatory stimulus (intratracheal endotoxin) caused a more prominent lung SAA3 mRNA expression than liver expression. The increased oxygen exposure in the mechanically ventilated animals can cause oxidative lung injury. This may have contributed to the increased SAA3 mRNA expression detected in these animals. These results indicate that the lung and liver of the developing sheep both participate in the APR response, with the magnitude of the response in each organ dependent on the type and route of pro-inflammatory stimulus.
The SAA proteins are apolipoproteins, which during the acute phase response bind to HDL fraction 3 (HDL 3 ) (4,19 -21) and stimulate the recruitment of inflammatory cells (22, 23) and the release of pro-inflammatory cytokines (24) . Although the precise function of amyloid A proteins is unknown, they are thought to play an important role in modulating the innate host defense against inflammatory agents and are involved in cholesterol transport and metabolism (19, (25) (26) (27) . In humans, SAA3 has been postulated to be a pseudogene in some studies (28, 29) , although in another study the human SAA3 gene was expressed in mammary gland epithelial cells in response to either prolactin or LPS (30) . It is not known if the different isoforms have distinct functions. A number of alleles have been reported for some isoforms thus making the SAA family a large and complex array of proteins that may be multifunctional (18) . Because SAA3 mRNA expression is induced in inflammatory models of the developing sheep lung, the presence of this isoform expressed in the lung of preterm humans may warrant further investigation.
In this study, SAA3 expression was detected in bronchial epithelium, bronchial glands, perichondrial cells of bronchial cartilage, vascular smooth muscle and, to a lesser extent, in inflammatory cells. Perichondrial cell and vascular smooth muscle expression of SAA3 were not detected in our previous study of antenatal endotoxin exposure (8) . It is possible that the different design of this study, which involved exposure of the lamb lungs to mechanical ventilation, increased partial pressures of oxygen, higher pulmonary blood flow and intratracheal or IV endotoxin, preferentially induced SAA3 mRNA in the perichondrium and vascular smooth muscle.
Pro-inflammatory cytokines, in particular IL-1, IL-6 and tumor necrosis factor alpha (TNF-␣) stimulate SAA synthesis during the adult acute phase response (19, 31, 32) . We previously reported increased lung mRNA expression of these cytokines by 2h in ventilated preterm lambs compared with unventilated fetal controls (11) . In addition, we demonstrated that exposure to ventilation and IT endotoxin causes a modest increase in lung IL-1␤ and IL-6 mRNAs in preterm and near term lambs (23-and 13-fold respectively) (14) . We now show a much more robust expression of SAA3 mRNA in the lungs of these animals (366 fold increase). The SAA-Li isoform was induced in the liver by ventilation and oxygen exposure with minimal incremental response to endotoxin suggesting that different SAA isoforms have different mechanisms of induction.
A limitation of this study is the lack of a specific anti-SAA3 antibody. Plasma SAA levels increased after ventilation and IT or IV endotoxin within 4h of exposure. This plasma SAA was not of lung origin since the BALF and lung homogenate SAA3 was not detected by the commercially available antibody used.
In summary, we demonstrated selective lung expression of SAA3 mRNA in preterm lambs, rapid induction in the lung in response to both mechanical ventilation and endotoxin stimulation as well as a systemic acute phase reactant response.
